The conserved oligomannose epitope, Man9GlcNAc2, recognized by the broadly neutralizing human mAb 2G12 is an attractive prophylactic vaccine candidate for the prevention of HIV-1 infection. We recently reported total chemical synthesis of a series of glycopeptides incorporating one to three copies of Man 9GlcNAc2 coupled to a cyclic peptide scaffold. Surface plasmon resonance studies showed that divalent and trivalent, but not monovalent, compounds were capable of binding 2G12. To test the efficacy of the divalent glycopeptide as an immunogen capable of inducing a 2G12-like neutralizing antibody response, we covalently coupled the molecule to a powerful immune-stimulating protein carrier and evaluated immunogenicity of the conjugate in two animal species. We used a differential immunoassay to demonstrate induction of high levels of carbohydrate-specific antibodies; however, these antibodies showed poor recognition of recombinant gp160 and failed to neutralize a panel of viral isolates in entry-based neutralization assays. To ascertain whether antibodies produced during natural infection could recognize the mimetics, we screened a panel of HIV-1-positive and -negative sera for binding to gp120 and the synthetic antigens. We present evidence from both direct and competitive binding assays that no significant recognition of the glycopeptides was observed, although certain sera did contain antibodies that could compete with 2G12 for binding to recombinant gp120. molecular mimicry ͉ neutralizing antibody
The conserved oligomannose epitope, Man9GlcNAc2, recognized by the broadly neutralizing human mAb 2G12 is an attractive prophylactic vaccine candidate for the prevention of HIV-1 infection. We recently reported total chemical synthesis of a series of glycopeptides incorporating one to three copies of Man 9GlcNAc2 coupled to a cyclic peptide scaffold. Surface plasmon resonance studies showed that divalent and trivalent, but not monovalent, compounds were capable of binding 2G12. To test the efficacy of the divalent glycopeptide as an immunogen capable of inducing a 2G12-like neutralizing antibody response, we covalently coupled the molecule to a powerful immune-stimulating protein carrier and evaluated immunogenicity of the conjugate in two animal species. We used a differential immunoassay to demonstrate induction of high levels of carbohydrate-specific antibodies; however, these antibodies showed poor recognition of recombinant gp160 and failed to neutralize a panel of viral isolates in entry-based neutralization assays. To ascertain whether antibodies produced during natural infection could recognize the mimetics, we screened a panel of HIV-1-positive and -negative sera for binding to gp120 and the synthetic antigens. We present evidence from both direct and competitive binding assays that no significant recognition of the glycopeptides was observed, although certain sera did contain antibodies that could compete with 2G12 for binding to recombinant gp120. molecular mimicry ͉ neutralizing antibody T he development of an effective prophylactic vaccine against HIV-1 remains an unrealized goal in the effort to contain the current pandemic. Such a vaccine would be defined by its ability to raise broadly neutralizing antibodies against multiple virus clades and isolates. A number of rarely occurring human mAbs, isolated from infected individuals, have demonstrated this desirable neutralization profile (1) (2) (3) . For several of these mAbs, identification and extensive characterization of the neutralizing epitopes have been realized (4) (5) (6) (7) . This structural knowledge has been used to design antigens intended to direct the primary immune response toward the neutralizing epitope (8) (9) (10) . However, in all immunization studies performed to date these vaccine candidates have failed to elicit broadly neutralizing antibodies. One mAb, 2G12, recognizes a clustered, high mannose carbohydrate epitope presented on the gp120 receptor-binding glycoprotein of the virus (11, 12) . Crystallographic studies of Fab 2G12 bound to a Man 9 GlcNAc 2 oligosaccharide revealed a unique interlocked V H domain-swapped dimer, which presents an extended high-affinity binding surface optimized for interaction with clustered carbohydrates (13) . Although several reports have confirmed the critical role of a Man␣1-2Man disaccharide in the 2G12 epitope, the optimal form of a synthetic carbohydrate mimetic of the epitope remains undefined (14) (15) (16) (17) (18) (19) .
Recently, we have described synthesis of a series of compounds in which Man 9 GlcNAc 2 (1; Fig. 1 ) was coupled via Lansbury aspartylation to a modular cyclic peptide scaffold 2 designed to afford variability in the number of carbohydrate chains that can be incorporated (20) . At the same time, the semirigid nature of the macrocycle serves to position the carbohydrate chains at distances approximating those defined from the crystal studies. Glycopeptides containing zero, one, two, or three oligosaccharides 2-5 were prepared and characterized with regard to their ability to bind 2G12. Only the divalent 4 and trivalent 5 compounds were recognized by the antibody, confirming the importance of multivalent presentation. The peptide scaffold contained a single cysteine residue that was used to effect directed covalent coupling of 4 to a maleimidated carrier protein complex. Subsequent ELISA analysis confirmed recognition of the conjugate by 2G12. Here, we report evaluation of the conjugate as a vaccine immunogen in guinea pigs and rhesus macaques. Robust carbohydrate-specific antibody responses were elicited in both species; however, the immune-sera lacked neutralizing activity and was incapable of effectively blocking binding of 2G12 to recombinant gp120. To assess whether polyclonal sera obtained from HIV-1-infected donors contained antibodies that recognized the mimetics we immobilized glycopeptides 2-4 to microspheres and used these in the context of a multiplexed immunoassay. We discuss the implications of these findings for the design of future carbohydrate-based HIV-1 vaccines.
Results and Discussion
Preparation of Glycopeptide-Outer Membrane Protein Complex (OMPC) Conjugate. Enhancement of carbohydrate and peptide immunogenicity can be achieved through covalent coupling to antigenic protein carriers. The OMPC carrier used for the current study is a component of a licensed pediatric vaccine, and its ability to promote Ig class switching has been demonstrated (21) . In addition, OMPC displays potent adjuvant capabilities as a result of its ability to activate toll-like receptor types 2 and 4 (22, 23) . We used 4 as a candidate for vaccine evaluation because quantities of 5 were limiting, and previous surface plasmon resonance data had shown similar binding profiles of 4 and 5 to 2G12 (20) . Conjugation of 4 to OMPC was effected via a thiol-maleimide coupling strategy. Incorporation of the activating reagent, sulfosuccinimidyl 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (sSMCC), was determined by quantitation of tranexamic acid, released upon acid hydrolysis of maleimidated OMPC or conjugate using amino acid analysis. The observed activation level ranged from Ϸ5,000 to 6,000 mol sSMCC per mol carrier complex. Formation of a covalent bond between cysteinylated peptide and maleimidated carrier produced, upon acid hydrolysis, dicarboxyethylcysteine, which was quantitated as a measure of peptide loading. These values ranged from Ϸ2,000 to 3,000 mol peptide per mol carrier complex, indicating that Ϸ50% of available maleimide groups were derivatized. Animal Immunizations. Conjugate or OMPC-only control were adsorbed to aluminum hydroxyphosphate and formulated with QS21 adjuvant for use in vaccination studies. Guinea pigs and rhesus macaques were immunized in a dose-escalating protocol, and bleeds were collected as outlined in Table 1 . Antibody response was assessed by ELISA using 4 as coating antigen (Fig.  2) . A dose-dependent response was observed in guinea pigs at 0.25-and 2.5-g doses, whereas a less pronounced increase in titer was observed at 25 g. At all three doses a boosting effect was observed after the second and third vaccinations. The immune response appeared to be well sustained with little decline in titer out to 27 weeks. These findings agree well with published data for other OMPC-based conjugates (24, 25) . In contrast, macaque responses yielded equivalent geometric mean titer (GMT) at all three dosing levels, suggesting that maximum titer was elicited with Յ2 g conjugated glycopeptide. Interestingly, whereas effective boosting was observed at 4 and 8 weeks, antibody levels appeared to fall off quickly after the third dose and no increase in titer was seen at the 6-month administration, although titers stabilized briefly before starting to again decline at week 28. It had previously been shown that polysaccharidespecific antibody titers elicited by immunization of infant rhesus monkeys with a pneumococcal capsular polysaccharide OMPC conjugate were reduced with increasing doses of conjugate and that this reduction was directly attributable to polysaccharideinduced suppression (26) . It is conceivable that a similar repressive response is evidenced in the current study.
Previously we showed that 4, when conjugated to OMPC, retained its ability to bind 2G12, suggesting that the critical divalent carbohydrate epitope was not adversely compromised by the coupling reaction (20) . To qualitatively ascertain the proportion of the immune response that was directed toward this conformation, we performed a differential ELISA in which the highest titer sera was analyzed independently against 2, 3, 4, and gp160 (Fig. 3) . The week-23 response in guinea pigs (Fig. 3A) showed measurable titer against the peptide backbone 2 relative to the OMPC-only control at the 2.5-and 25-g dosing levels.
The bulk of the response, however, was carbohydrate-directed as judged by specific titers to glycopeptides 3 and 4. At the 0.25-g dose the GMT against either 3 or 4 was Ϸ10-fold higher relative to the peptide-specific response induced by immunization with 25 g of conjugated glycopeptide, whereas titers at 2.5 and 25 g were nearly 100-fold higher. A statistical analysis (Student's t test) of the aggregate data revealed a significant difference between either monovalent or divalent oligosaccharide relative to the peptide backbone (P Ͻ 0.0001). However, the difference was not statistically significant in the response measured for 3 versus 4 (P ϭ 0.1036). Given that 2G12 exhibits preferential binding for the divalent carbohydrate antigen, this finding suggests that a significant ''2G12-like'' response was not mounted in the guinea pig. This conclusion is further corroborated by the observation that the immune sera did not specifically recognize gp160. In macaques (Fig. 3B) , the week-28 response to 2 appeared to be nearly absent, perhaps masked by the presence of carbohydrate in a manner analogous to the physiologic role of immune evasion often mediated by oligosaccharides (27) . Here, too, the magnitude of response to the carbohydrate as presented on 3 or 4 was robust; and although qualitatively there is a suggestion of a divalent-specific response, the difference in titers did not achieve statistical significance (P ϭ 0.0819). In contrast, the induction of carbohydrate-specific titers relative to peptidespecific titers achieved significance (P ϭ 0.0009) at all dose levels. As was seen in the guinea pigs, the sera did not bind to gp160, suggesting that the synthetic epitope-mimetics did not authentically represent the 2G12 epitope.
Neutralization of Virus. Sera from high-titer guinea pig (week 23) and macaque (weeks 12, 16, 20, and 24) was tested in in vitro neutralization assays as both neat sera or fractionated total IgG. Neither guinea pig or macaque sera showed any ability to neutralize clade B isolate HXB2 in a p4-2/R5 entry inhibition assay. Macaque sera were further tested in a TZM-bl pseudovirion entry inhibition assay against two clade B strains with known sensitivity to 2G12. No specific neutralization was observed in any group (data not shown).
Serum Antibody Analysis by Multiplexed Immunoassay. To evaluate whether the polyclonal antibody repertoire generated in response to natural HIV-1 infection contained antibodies that recognized our synthetic antigens, we developed a bead-based multiplexed immunoassay format to test a panel of sera obtained from HIV-1-positive and -negative donors in a direct binding 2G12 Rhesus Macaques Table  1 . For macaques, T ϭ 0 data were not collected, so the GMT was set at the assay reciprocal dilution limit value of 50.
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GMT ELISA Titer Coating Antigen GMT ELISA Titer assay. We first confirmed the ability of phycoerythrin (PE)-labeled 2G12 to differentially recognize immobilized divalent and trivalent glycopeptides [supporting information (SI) Fig.  S1 ]. PE-2G12 bound immobilized 4 with Ϸ5-fold and 20-fold higher affinity than 3 and 2, respectively. It is interesting to note that in this format 3 shows weak binding, whereas earlier results reported that the same oligosaccharide structure on a linear cysteinylated peptide was not recognized by 2G12 until dimerized via oxidation of the unprotected thiol (14) . One explanation may be that loading density on the microspheres can bring certain carbohydrate chains into proximity to present a pseudoextended binding surface that is capable of recognition by 2G12. However, the antibody's preference for gp120 is readily evidenced by the 3.5-fold higher response relative to 4. The observation that partial gp120 mimicry is realized only by 4 is confirmed by a competition binding study in the multiplexed format (Fig. S2) where soluble gp120 prevents binding of PE-2G12 to 4 in a dose-dependent manner.
There are several ways of interpreting the aggregate results from immunization and antigen-binding studies. In terms of direct binding, the strong preference for gp120 can reflect either enhanced avidity or affinity for carbohydrates presented on the protein relative to those on the synthetic scaffold. Glycosylation on gp120 can account for Ͼ50% of the molecular mass (28) , and it is known that multiple N-linked glycosylation sites are associated with 2G12 binding (11, 29) . 2G12-resistant viruses have been shown to associate with mutations in these glycosylation sites (30, 31) , and a recent study using such viruses has suggested that the antibody's antiviral efficacy across clades may be narrower than originally claimed (32) . Sequence analysis indicated that three glycosylation sites (N295, N332, and N392) were critical for interaction while several others contributed to binding (12) . Thus, although the presence of dimeric Man 9 GlcNAc 2 may be sufficient for engagement of 2G12, overall epitope density on gp120 may make it a far more effective competitor. Conversely, if the enhanced binding to gp120 reflects a true affinity difference, it can be postulated that 4 is an insufficient mimotope of the native structure, most likely because of a lack of conformational constraint. Intriguingly, an ''induced-fit'' model of binding can be postulated to explain why the epitopemimetics bind 2G12 but do not induce a similar class of antibody when used as an immunogen. In this model, the structure of the oligomannan chains on the mimetic resemble but are not exactly the same as the authentic 2G12 epitope on gp120. It is conceivable that their extended conformation is sufficient to engage 2G12 weakly after which binding induces a conformational change toward a more authentic and stable structure. However, in the OMPC-glycopeptide conjugate there is no external pressure to assume the correct conformation, and, as a result, the majority of the polyclonal response is directed against nonrelevant epitope conformations.
Analysis of the human sera panel is presented in Fig. 4 . HIV-1 positivity was confirmed by detection of antibodies against p24 in donors 6-20, and these are ranked based on increasing titer. In contrast, no serum from either HIV-1-negative or -positive donors showed any binding to the synthetic mimetics. To confirm the expected low seroprevalence of 2G12-like antibodies, we tested the panel in a competition binding experiment with PE-2G12 (Fig. 5) . Of 15 HIV-1-positive sera, only two (donors 7 and 11) appeared to contain low titers of antibodies that competed with PE-2G12. This result is in good agreement with previously published seroprevalence data (11) and correlates with the binding results discussed above.
Our results suggest that presentation of Man 9 GlcNAc 2 on the constrained cyclic scaffold herein described is insufficient to induce a polyclonal response that recognizes the native 2G12 epitope. Inability to induce a response to the oligomannan is not the reason for this failure because we clearly show that the conjugate elicited a robust carbohydrate-specific antibody response. Our results corroborate recently published work (19) in which synthetic oligomannans were coupled to a variety of carriers and tested as potential vaccine candidates. Although in this study no attempt was made to mimic the proposed epitope structure, the conjugates showed some ability to bind 2G12. However, carbohydrate-specific titers in immunized rabbits were low, likely because of an immunodominant response to the chemical linkers used in coupling, and the sera lacked any neutralization potency. In contrast, we show by differential ELISA that a major component of the immune response can be directed toward the carbohydrate portion of the glycopeptide, although the lack of gp160 recognition strongly suggests that the majority of this response is to irrelevant conformations of the oligosaccharide. This hypothesis is further strengthened by the observation that divalent glycopeptide 4 is unable to effectively displace gp120 bound to PE-2G12. Our serum panel assessment confirmed the relative rarity of 2G12-like responses among infected patients, but, more importantly, it showed that the mimetics were not recognized even by the small subset of individuals who elicited antibodies capable of competing with 2G12. This finding suggests that the synthetic structures, while able to bind 2G12 in in vitro assays, do not accurately mimic the carbohydrate epitope on an infectious HIV-1 virion. Earlier work dissecting the 2G12 epitope specificity suggested that the size of the oligomannan necessary for 2G12 recognition could be reduced and that truncated oligosaccharides such as Man␣1-2Man␣1-2Man or Man␣1-2Man␣1-6Man might form the basis of a less complex immunogen (18) . Our present study would appear to suggest the opposite; that is, incorporation of Man 9 GlcNAc 2 , even in clustered patterns that provide good binding surfaces for 2G12, is, by itself, insufficient to function as an effective immunogen. Several potential explanations for this observation may be offered. The failure to induce carbohydratespecific responses has already been addressed. Second, the animal species in which immunization studies are performed may be incapable of generating the unique domain-exchanged structure of 2G12. Although we did not address this possibility directly, the comparable results obtained in rodent and nonhuman primates suggests that this is unlikely. A more plausible cause is that conformational f lexibility in the oligomannan arms is still high, and the immune response is ''diluted'' by recognition of improper structures within the chemical space. This complicating factor has been proposed as a reason for the inability to mimic the broad neutralizing characteristics of other HIV-1-directed mAbs (4, 10, 33) .
Several recent publications have attempted to address the question of optimal epitope presentation. Wang et al. (34) reported use of a cyclic peptide scaffold similar to the one we describe for presentation of the D1 arm of the 2G12 epitope. Surface plasmon resonance studies of 2G12 binding to this construct yielded results nearly identical to ours in that the effect of clustering on enhanced antibody recognition was clearly evident. Similarly, synthetic multivalent dendrons presenting Man 4 or Man 9 oligosaccharides were shown to induce good binding of 2G12 and have been proposed as potential vaccine components (35) . Although such approaches to ''direct'' the immune response to more relevant antibody generation are important, a successful strategy will likely need to encompass a method to ''lock'' the optimal oligosaccharide conformation in a preferred orientation. Continuing advances in synthetic carbohydrate chemistry offer several routes to such structures in which cross-links of defined length and rigidity can be introduced between two or more oligomannose chains, wherein the spacing can be informed by crystallographic data.
Conclusion
Despite the lack of a functional immune response to our candidate vaccine, we believe the work herein described is important in that: (i) immunogen design was informed by crystallographic data of 2G12 bound to its epitope; and (ii) competition-binding data definitively shows that although multivalent mimetics can bind 2G12 they are poor competitors for binding of the mAb to native, gp120. This finding strongly suggests that even in a clustered presentation there is sufficient flexibility for the glycan chains to adopt a suboptimal conformation. (iii) Our vaccine induced a robust carbohydrate-specific response higher in magnitude relative to nonspecific scaffold or linker responses. The observation that no significant specificity for the divalent oligomannan was observed relative to the monomeric construct suggests a reason for the failure to elicit a neutralizing response. Importantly, it also points a way toward future attempts to improve immunogen design.
Materials and Methods
Glycopeptide Synthesis. Synthesis of glycopeptides 2-5 has been described (20) . Briefly, glycosylamine 1-NH2 was aspartylated with peptides containing either two or three aspartate side chains in a convergent protocol to yield the corresponding divalent and trivalent glycopeptides 4 and 5. Monovalent glycopeptide 3 was isolated as a minor incomplete coupling product from the reaction that yielded 4.
Preparation of OMPC-Glycopeptide Conjugate. Purified OMPC of Neisseria meningitidis serotype B (Merck) was maleimidated on a portion of its surfaceaccessible lysine residues by reaction with sSMCC as described (10) . The cysteinyl form of 4 was generated by treatment with excess mercaptoethanesulfonic acid and sodium salt, and the purified lyophilized product was stored under vacuum. Cysteinyl glycopeptide was solubilized in Ar-degassed 0.1 M Hepes (pH 7.3), 2 mM EDTA at 2 mg/ml and mixed with maleimidated OMPC at a 1.5:1 thiol-to-maleimide mole ratio. Reaction proceeded overnight at 4°C in the dark after which residual carrier maleimide groups were quenched with 2-mercaptoethanol. Unreacted glycopeptide and reagents were removed by dialysis. A portion of the maleimidated OMPC was carried through the process without addition of glycopeptide to serve as a reaction control. The amount of covalently incorporated glycopeptide was determined by quantitation of dicarboxyethylcysteine using amino acid analysis (36).
Animal Immunizations.
All animal experiments were approved by Merck Research Laboratories' Institutional Animal Care and Use Committee. OMPConly control and conjugate were adsorbed onto aluminum hydroxyphosphate (Merck alum), and the saponin-based QS21 adjuvant (Antigenics) was added to a final concentration of 100 g/ml. Female Duncan Harley guinea pigs (Covance Research Laboratories) were maintained in accordance with the institutional animal care protocols of Merck Research Laboratories. Vaccines were delivered i.m., in 0.2-ml aliquots into both quadriceps according to the specified schedule. Dose ranging was performed at 0, 0.25, 2.5, and 25 g of glycopeptide with six animals per group. Sera were prepared from blood samples collected as specified in Table 1 . For nonhuman primate studies, Indian rhesus macaques were maintained in accordance with the institutional animal care protocols of Merck Research Laboratories and New Iberia Research Center (New Iberia, LA). Vaccines were delivered i.m., in 0.5-ml aliquots into both deltoids at the specified schedule. Dose ranging was performed at 0, 2, 5, and 20 g of glycopeptide with four animals per group. Sera were prepared from blood samples collected as specified in Table 1 . All animals were monitored and cared for under guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Serum ELISA. Maxisorp 96-well plates (NUNC) were incubated with 10 ng (2, 3, or 4) in PBS at 4°C overnight. Plates were washed with PBS containing 0.05% Tween-20 (WB) and blocked with 1% BSA in WB for 2 h at room temperature. Plates were washed as above, and 100 l of a 4-fold immuneserum dilution series was added and the plates were incubated for 2 h at room temperature. After washing, the appropriate HRP-conjugated secondary antibody was added and plates were incubated for 1 h at room temperature. Plates were washed and 100 l of 1,2 phenylenediamine dihydrochloride solution was added and incubated for 10 min at room temperature followed by 100 l of 0.5 M H 2SO4. The absorbance at 492 nm was read with an ELISA plate reader.
Neutralization Assay. The p4 -2/R5 single-cycle entry inhibition assay using HIV-1 clade B strain HXB2 has been described (33) . Selected macaque sera were also tested in a TZM-bl reporter cell entry inhibition assay (37) against HIV-1 clade B strains SF162 and TRO. The IgG fraction was purified from neat sera by using batch protein A Sepharose affinity chromatography, buffer-exchanged into DMEM cell culture, and concentrated 5-fold. Total protein was determined by using a commercial bicinchoninic acid assay (Pierce).
Immobilization of Antigens on Microspheres.
Commercially purchased HIV-1 p24, gp41, and gp120 were conjugated to carboxylated Xmap microspheres (Radix) as described (38) . Lyophilized mimetics 2-5 (750 g) were solubilized in 0.5 ml of dimethylformamide, diluted to 1.0 ml with 50 mM Mes, pH 6.5, and incubated with maleimidated microspheres for 3 h in the dark. Residual maleimide sites were quenched with 0.1 M cysteine for 2 h. The beads were washed twice with PBS and stored in PBS containing 1% BSA. 2G12 antibody was purchased from Polymun Scientific and was PE-labeled (PE-2G12) by standard protocols.
Multiplexed Epitope Mapping Serology. Fifteen confirmed HIV-1-positive sera and five confirmed HIV-1-negative sera were randomly chosen from a panel
